Invasive plants often benefit from changes that they impose on soil microbes via positive plantesoil feedback, but the mechanisms that underlie these changes, and the legacy of their effects, remain poorly quantified. We investigated the impacts of an invasive annual grass, Microstegium vimineum, on the structure and functioning of soil microbial communities in a multi-year, field-based common garden experiment. Given previous reports that M. vimineum can both elevate nitrification rates in soil and benefit from enhanced nitrate availability, we sought to answer the following questions: 1) Does M. vimineum alter the abundance or composition of soil nitrifying microbial communities (ammonia oxidizing archaea and bacteria, AOA and AOB, respectively)? 2) Are such effects reversible or do soil legacy effects persist after M. vimineum is no longer present? After three years, invaded plots had greater AOA abundances than uninvaded native dominated plots, as well as different AOA community structure. However, after seven years, and following a period of M. vimineum replacement by native plants in the invaded plots, AOA abundances and nitrification rates declined toward levels found in uninvaded plots. Collectively, our results suggest that while the impacts of M. vimineum invasions on nitrogen cycling likely relate to their association with AOA, these effects may not persist if M. vimineum declines over time and native plants and their associated microbes are able to re-establish.
Introduction
Invasive plants can change microbial communities in ways that impair ecosystem services (e.g., soil carbon storage, Strickland et al., 2013) , alter plant community dynamics (Stinson et al., 2006) and promote invasions through positive feedbacks (van der Putten et al., 2013) . Plantesoil feedbacks can involve both abiotic changes to the soil environment and biotic changes to soil communities, and the latter can involve both direct interactions between plants and soil organisms (i.e. pathogens or mutualists) or indirect interactions resulting from changes in functional groups of soil microorganisms (van der Putten et al., 2013) . Such changes to the activities, abundances, or community composition of nutrientcycling microorganisms can alter ecosystem function in ways that support invasive plant success and inhibit native plant species.
The restoration of ecosystem functions following invasive plant removal or the natural decline of invasions is determined, in part, by whether soil microbial communities can return to their preinvasion structure and activity (Wolfe and Klironomos, 2005; Corbin and D'Antonio, 2012) . In some cases, legacy effects of invasions on soil microbial communities persist long after removal of the invasive plants (Corbin and D'Antonio, 2012) . In other cases, the soil microbial community is able to return to its pre-invasion structure and activities (van der Putten et al., 2013) . It can be difficult to predict whether an invasive species will have soil legacy effects, especially if the mechanism behind the invader's impact is not clear.
One mechanism for invasive plant impacts is altered nutrient cycling processes (Liao et al., 2008) . It is critical to understand how invasions that alter nutrient cycling processes affect specific microbial functional groups and their activities, which could in turn assist in predicting the likelihood of soil legacy effects. Microstegium vimineum is a highly invasive grass in forests of the eastern U.S. (Fairbrothers and Gray, 1972; Barden, 1987; Flory and Clay, 2010) that alters soil nitrogen cycling by promoting the conversion of ammonia to nitrate through the process of nitrification (Kourtev et al., 2003; Lee et al., 2012) . The increased availability of nitrate can benefit M. vimineum more than co-occurring native plants (Lee et al., 2012) , and thus M. vimineum dominance appears to be promoted by plantesoil feedback associated with an altered soil nitrogen cycle (Ehrenfeld et al., 2001; Kourtev et al., 2003; Lee et al., 2012) . This plantesoil feedback is also associated with changes in soil pH, with higher pH often found in invaded soils (Ehrenfeld et al., 2001; McGrath and Binkley, 2009 ). In addition, M. vimineum has been associated with shifts in the overall community structure of soil microbial communities (Kourtev et al., 2002 (Kourtev et al., , 2003 . It is possible that these changes are due to root exudation or chemicals released from M. vimineum litter as it decomposes (Elgersma et al., 2012) . Alteration of microbial communities did not promote M. vimineum growth when used as inoculum in a recent plantesoil feedback study (Shannon et al., 2012) . However, such inoculum-based studies may not adequately represent the full functional potential of microbial communities under field conditions because they favor fast-growing microbes with short-term impacts over slow-growing microbes with longer-term, more cumulative impacts (Brinkman et al., 2010) . Nitrification is a microbial process, and so nitrifying microorganisms may play a central functional role in nitrate-associated plantesoil feedback. Yet, the impact of M. vimineum on nitrifying microorganisms has not been investigated.
Autotrophic bacteria and archaea conduct ammonia oxidation, the rate-limiting step of nitrification (Hart et al., 1994) . These ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) thus control the rate of nitrification in soils. Changes in AOB abundance and community composition have been linked to increased nitrification rates under non-native grasses (Hawkes et al., 2005) , but evidence suggests that AOA could also be involved (e.g., Eloy Alves et al., 2013) . AOA are generally more abundant in soil than AOB (Leininger et al., 2006; Zhalnina et al., 2012) , and AOA abundancedbut not AOB abundancedtends to be positively correlated with nitrification rates (Zhang et al., 2010; Zhalnina et al., 2012) . M. vimineum's impacts on soil nitrification rates and soil pH suggest that it could be impacting the AOA or AOB communities. M. vimineum may stimulate the activity of ammoniaoxidizing archaea (AOA) or ammonia-oxidizing bacteria (AOB) without altering nitrifier community structure, but if this is the case, then elevated nitrification rates should drop once M. vimineum is no longer present. On the other hand, M. vimineum may disrupt ammonia oxidizer community structure. This altered community structure could result in soil legacies that persist beyond M. vimineum invasion or could be short-lived, if ammonia oxidizer structure can recover quickly.
While we know from previous studies that M. vimineum invasion is associated with coarse changes in soil microbial community structure (e.g., as determined by phospholipid fatty acid analysis; Kourtev et al., 2002) , no studies have as yet examined whether M. vimineum alters ammonia oxidizer communities. Connecting M. vimineum invasion to changes in ammonia oxidizer community structure will help to elucidate the mechanism of M. vimineum invasion and associated increases in nitrification rates. Understanding this mechanism will help determine the likelihood of soil legacy effects after native plants are re-established in M. vimineuminvaded soils. To determine whether M. vimineum affects ammonia oxidizer communities, we measured the abundance and community composition of AOA and AOB in the soils of a common garden experiment with invaded and uninvaded plots. In 2009, nitrification rates in the invaded plots were 63% higher than in the uninvaded plots (Lee et al., 2012) . We collected soil samples from these plots in 2008, when M. vimineum was dominant in the invaded plots, and in 2011 and 2012, a period of declining M. vimineum dominance. Our goal was to evaluate changes in the soil microbial community over four years to determine whether M. vimineum invasions were associated with altered ammonia oxidizer abundance or community structure and whether M. vimineum decline had a residual impact on the soil microbial community and nitrification rate (soil legacy effects). We tested whether M. vimineum's effects on ammonia oxidizer communities correlated with changes in nitrification rates, and explored effects of covarying factors such as soil moisture.
Materials and methods

Common garden invasion experiment and soil sampling
To evaluate the links between M. vimineum, soil microbial communities, and nitrification rates, we used a long-term common garden study containing control plots and plots experimentally invaded with M. vimineum at the Indiana University Research and Teaching Preserve (39 13 0 9 00 N, 86 32 0 29 00 W). This experiment has demonstrated effects of M. vimineum on native herbaceous species, forest succession, arthropod abundance and diversity, and Ncycling (Civitello et al., 2008; Flory and Clay, 2010; Simao et al., 2010) . The study area was historically bottomland hardwood forest but has been maintained as grassland for biological research for many years. In 2005, after repeated tilling to diminish the resident species seed bank, thirty-two 5.25 m Â 5.25 m (27.5 m 2 ) plots were established and seeded with native herbaceous species (Andropogon gerardii, Asclepias incarnata, Aster novae-angliae, Calamagrostis canadensis, Carex vulpinoidea, Elymus virginicus, Helenium autumnale, Panicum virginatum, Senna hebecarpa, Scirpus atrovirens, Verbena hastata). Locally collected M. vimineum was randomly seeded into half (n ¼ 16) of all plots. In the following three years, other woody and herbaceous species (both native and non-native) naturally recruited into the plots, including Acer negundo, Acer rubrum, Ambrosia trifida, Carex spp., Cornus sericea, Lindera benzoin, Paspalum laeve, Rosa multiflora, Viola spp., and Vernonia gigantea. In 2011, the plots were divided into four quadrants, three of which received additional experimental manipulations. Here, we restrict our analyses to the unmanipulated control quadrants.
Plant biomass
We quantified M. vimineum and total native biomass in each plot in fall 2008, when the invasion was fully established in experimental plots, and in 2011 and 2012, as M. vimineum biomass was declining and native species were reestablishing. We destructively harvested all aboveground herbaceous species within two to six haphazardly located 30 cm Â 30 cm subplots within each plot. We separated M. vimineum and resident herbaceous biomass, dried it to constant mass at 60 C, and recorded the weight. Biomass measurements were averaged across subplots and adjusted to grams per square meter per plot.
Soil sampling
We collected soil in spring, summer, and fall of 2008, 2011, and 2012 from seven invaded plots and seven uninvaded plots. Soil samples in 2008 were collected from eight soil cores (2 cm diameter Â 10 cm deep) evenly distributed in a grid throughout the plots. All soil cores from a given plot were composited and sieved (2 mm mesh). A subsample of soil from each plot was stored at À80 C for analysis of AO communities. In 2011 and 2012, nine soil cores (2 cm diameter Â 15 cm deep) were taken from three points evenly distributed in the control quadrant of each plot. Given evidence that M. vimineum litter alone could be responsible for plantesoil feedback (Elgersma et al., 2012) , we separated these later soil cores into surface soil (0e5 cm) and lower soil (5e15 cm) depth fractions. If M. vimineum litter alone were responsible for changes in ammonia oxidizer structure and function, we would expect the surface soil fraction to show stronger responses to M. vimineum invasion than deeper soils. Soil cores from the same plot and depth were composited and sieved through a 2 mm sieve. The soil for each sample was separated into four aliquots. Three aliquots were used fresh to measure net nitrification, gravimetric soil moisture, and soil pH. A third aliquot was stored at À80 C for ammonia oxidizer community analysis.
Net nitrification rates
Soil samples taken from the plots in 2011 and 2012 were divided into two aliquots. The first aliquot was analyzed for nitrification rates and the second aliquot was frozen for later analysis of ammonia oxidizer communities (we did not measure nitrification rates in 2008, but nitrification rates were measured in 2009 (Lee et al., 2012) ). Net nitrification rates were measured by quantifying changes in 2 M KCl extractable pools of NO 3 À during an aerobic 14-day laboratory incubation (at 23 C). Two 4.5 g (fresh weight) replicates of sieved, field-moist soil were placed into 15 mL centrifuge tubes. Within 1 h after the soils were weighed out, one sample was extracted with 10 mL of 2 M KCl, shaken for 1 h, centrifuged at 3000 rpm and filtered through Whatman no. 1 filter paper that was pre-leached with 2 M KCl. The other sample was incubated for 14 days in the dark prior to extraction. Incubated samples were covered with pierced Parafilm and dampened Kimwipes to maintain soil moisture while allowing for gas exchange. NO 3 eN concentrations were measured colorimetrically using the cadmium reduction technique on a Lachat QuikChem 8500 Flow Injection Analyzer (Lachat Instruments, Hach Company, Loveland, CO). The detection limit for NO 3 eN was 0.02 mg L
À1
. For each sample, extractable NO 3 eN was scaled to mg N g soil À1 using extract volume, sample mass, and moisture content. Net nitrification rates were calculated as final minus initial extractable NO 3 eN divided by incubation length.
2.5. AO community analyses 2.5.1. DNA extraction and purification We extracted DNA from 300 mg of each soil sample (for each of the three years for which soil was sampled; 2008, 2011, and 2012) using the FastDNA Spin Kit for Soil ® (MP Biomedicals, LLC, Solon, OH, USA). The DNA was then purified by incubating it for 15 min at 65 C with CTAB (cetyltrimethyl ammonium bromide; final concentration: 1% CTAB, 0.7 M NaCl). We then extracted the purified DNA with 24:1 chloroform:isoamyl alcohol and precipitated it with 100% ethanol. We washed the DNA pellets twice with 70% ethanol and dissolved them in pure water (DDI H 2 O).
Abundance using quantitative PCR
We measured the abundance of AOA and AOB in each sample using quantitative PCR (qPCR). Primer sequences used to amplify the amoA gene in bacteria (Rotthauwe et al., 1997) and archaea (Francis et al., 2005) are described in Table S1 in the Supplementary material. All qPCR reactions contained 1Â Power SYBR Green Master Mix (Applied Biosystems LLC, Foster City, CA, USA), 500 mg/ ml bovine serum albumin, 400 nM of the appropriate forward and reverse primers (Table S1) , and 10 ng of template DNA in a final volume of 10 mL. The PCR conditions were: five minutes 95 C, followed by 40 cycles of 45 s at 95 C, 60 s at 56 C, and 60 s at 72 C followed by a dissociation step as recommended by the qPCR thermocycler manufacturer. We used the 7900HT Fast Real-Time PCR thermocycler (Applied Biosystems LLC, Foster City, CA, USA). We analyzed the abundance of AO archaea abundance for 2008, 2011, and 2012, but we analyzed AOB abundance only in years 2011 and 2012.
Community composition using functional gene TRFLP
We assessed the composition of the AOA and AOB communities using functional gene terminal restriction fragment length polymorphism (TRFLP). Primer sequences used to amplify the amoA gene for bacteria and archaea TRFLP were identical to those used for qPCR (Table S1) , except for the addition of fluorochrome dyes to the 5 0 ends of primers, allowing the amplified DNA fragments to be visible during capillary gel electrophoresis. All PCR reactions contained 1Â buffer (1 mg/mL Tris, pH 8.3), 250 mg/ml bovine serum albumin, 3.0 mM MgCl 2 , 250 mM of each dNTP, 400 nM of the appropriate forward and reverse primers (Table S1 ), 1.25 U of Taq polymerase (Promega, Madison, WI, USA), and 20 ng of template DNA in a final volume of 25 mL. The PCR conditions were: five minutes 95 C, followed by 30 cycles of 45 s at 94 C, 60 s at 53 C, and 60 s at 72 C, followed by a final extension for five minutes at 72 C.
We digested 10 mL of PCR product from each sample overnight at 37 C using 0.5 mL RsaI (New England Biolabs), 0.01 mg/mL bovine serum albumin, and 0.5Â buffer. Capillary gel electrophoresis to resolve DNA fragments was performed at the W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois using and ABI Prism 3730xl Analyzer (Applied Biosystems LLC, Foster City, CA, USA).
The TRFLP profiles for each set of primers were analyzed using the software GeneMarker (version 1.85, SoftGenetics, LLC, State College, PA, USA), which converted the fluorescence data into electropherograms and estimated the sizes (in bps) of TRFLP fragments based on an internal size standard (ABI-1000-ROX, BioVentures, Inc., Murfreesboro, TN, USA). TRFLP fragments of similar sizes (within approx. 1e2 bp of each other) were considered to represent the same microbial taxa across all samples, and they were therefore grouped together to create a set of Operational Taxonomic Units (OTUs). The TRFLP fragment bins were generated automatically with the GeneMarker software, and the resulting set of bins was manually corrected to remove any overlap between bins, delete bins generated by spurious peaks, and create additional bins to accommodate small peaks missed by the software. Only peaks with signal intensities >100 relative fluorescence units were considered valid. Archaea and bacteria communities were analyzed separately, and the community response data was first Hellingertransformed. The Hellinger transform divides each peak area by the sum of all the peak areas in the sample and then takes the square root of this value (Legendre and Gallagher, 2001 ). This transformation converts the size of each peak into a relative measurement, which controls for variation in signal strength between samples. The Hellinger transformation was conducted in R using the function decostand(method ¼ "hellinger"). Forward and reverse primer peaks were transformed separately and then concatenated into a single data set, allowing the forward and reverse primer peaks to be analyzed together as response variables in the PerMANOVA.
Statistical analyses
We conducted mixed-model ANOVAs using the function anova.lme(lme()) in the package "nlme" in R (R Core Team, 2012) to test for effects of year, season and invasion on percent M. vimineum biomass, soil moisture, soil pH and nitrification rates We controlled for repeated measures by including "plot" as a random effect within the linear model using the command random ¼~1jplot within lme(). This command indicates that samples taken within the same plot at different time points are not independent.
A mixed-model ANOVA was also used to test the effects of our different factors (year, season, invasion, and M. vimineum biomass) on AOA and AOB abundance (controlling for repeated measures as above). AOA and AOB were analyzed separately. We also analyzed whether M. vimineum biomass correlated with ammonia oxidizer abundance in each year using the Pearson product-moment correlation, cor.test() command in the R package "stats". This analysis consisted 21 observations (7 plots Â 3 sampling dates) for each year.
We tested whether potential nitrification rates correlated with AOA abundance or AOB abundance in 2008 ( 10 cm) and 2011e12 (0e5 cm and 5e15 cm) soils by calculating the Pearson's productmoment correlation using the cor.test() command in the R package "stats". Each of these analyses consisted of 21 observations (7 plots Â 3 sampling dates each year).
To assess the effects of invasion, time, and soil depth on AOB and AOA community composition, we used a permutational multivariate analysis of variance (PerMANOVA; McArdle and Anderson, 2001) . A PerMANOVA is able to analyze a multivariate data set (such as abundance data for a series of OTUs) similar to the way a standard analysis of variance analyzes simpler data sets. It partitions the sums of squares (SS) of the multivariate data set and compares the SS within groups to the SS between groups. The difference between a PerMANOVA and an ANOVA is that a Per-MANOVA can use any ecologically relevant distance metric between sample points to calculate the sums of squares (McArdle and Anderson, 2001 ). The resulting "pseudo-F" statistic is then compared to the (upper) tail of a null distribution of pseudo-F's generated by random permutation (shuffling the raw data between treatments). If the original pseudo-F is greater than a given proportion (p ¼ a) of the pseudo-F's in the null distribution, then the null hypothesis can be rejected with a type I error rate of a. To conduct a PerMANOVA, we used the function adonis() in the package "vegan" in the statistical platform R (R Core Team, 2012). We controlled for repeated measures by using the function adonis(strata ¼ df.env$plot). Since M. vimineum biomass significantly changed over time, we included this as a covariate in the analysis.
Results
Plant biomass
We found that M. vimineum biomass significantly decreased between 2008 and 2012 in the invaded plots (p < 0.001). This mirrored the significant loss of total herbaceous biomass in the invaded plots during the same time period (a 68% drop). In contrast, total herbaceous native biomass in the invaded plots increased 28% between 2011 and 2012, while M. vimineum biomass continued to decrease, thus the proportion of M. vimineum biomass in the plots declined by over 80% over the course of four years (Fig. 1a) .
Soil moisture and pH
Soil moisture in the plots was significantly affected by year and season (p < 0.001, p < 0.001), but was particularly low in Fall 2011 and Summer 2012 (Fig. 1b) . Soil pH was also significantly affected by year and season (p < 0.001, p < 0.001). Overall, neither soil moisture or soil pH was significantly affected by M. vimineum presence (p ¼ 0.604, p ¼ 0.145). Soil pH was higher in the invaded plots in Spring 2008 (Welch's t ¼ 2.098, p ¼ 0.045) and Summer 2011 (Welch's t ¼ 2.869, p ¼ 0.013), but neither of these differences are significant when the data is corrected for multiple comparisons (Bonferroni correction).
Effects of M. vimineum on nitrification rates and ammonia oxidizer abundance
In 2011 and 2012, nitrification rates in uninvaded and invaded plots were similar, and significantly higher in invaded plots at only one time point in the lower soil depth (Spring 2012; 5e15 cm; Fig. 2b ). The abundance of AOA and AOB correlated strongly with nitrification rates in 5e15 cm soils in invaded plots in 2012 (r ¼ 0.704, p < 0.01). This was driven mainly by soils in the invaded plots in the Summer and Fall of 2012. In both instances (archaea and bacteria) there was a positive correlation between nitrification rate and ammonia oxidizer abundance.
M. vimineum invasion increased the abundance of AOA overall (p ¼ 0.067), and these effects were strongly seasonal (Season -Â Invasion p ¼ 0.027; Table 1 ). AOA abundance in invaded plots was highest in Spring 2008 and 2011 (Fig. 3a) , with abundance in lower soils remaining high in Summer and Fall 2011. As M. vimineum biomass decreased over the course of the study, AOA abundance in invaded plots declined to levels similar to those observed in the uninvaded plots. Averaged across all seasons in 2008, AOA abundance was higher in invaded plots than uninvaded plots (t ¼ 2.0551, p ¼ 0.062), but we found no significant differences in AOA abundance related to M. vimineum presence from summer 2011 onward (Fig. 3a) .
AOB were generally less abundant than AOA ( Fig. 3 Also, while AOA abundance was significantly affected by M. vimineum invasion, AOB abundance was not (p ¼ 0.93; Fig. 3b ; Table S2 ), though there was a significant interaction between season and invasion (p ¼ 0.021; Fig. 3b ; Table S2 ). 
Effects of M. vimineum on AO community composition
AOA community composition was affected by M. vimineum invasion and time (Year and Season), with significant interactions between these factors (Table 2 ). AOA community composition had the strongest seasonal variation in 2012, and the largest difference between invaded and uninvaded plots occurred in Spring 2011 (Fig. 4) .
AOB community composition was also affected by M. vimineum invasion and time (Year and Season; Table 3 ). Similar to AOA, the strongest seasonal variation occurred in 2012 (Fig. 5) .
Discussion
Our results indicate that M. vimineum alters soil nitrifier communities, but that such changes are reversible. While AOA abundances were initially greater in invaded plots when M. vimineum was dominant (Fig. 3) , and while ammonia oxidizer community composition differed between invaded and uninvaded plots (Figs. 4 and 5), these effects did not persist once M. vimineum declined and was replaced by native plants. Further, we found that differences in nitrification rates between invaded and uninvaded plots also decreased as M. vimineum declined (Fig. 1) . Our data do not indicate that M. vimineum establishes lasting soil legacies in the communities of ammonia oxidizing microorganisms that control nitrification in these systems.
Although our experimental plots were originally established to study the consequences of M. vimineum invasion (Civitello et al., 2008; Flory and Clay, 2010) , the loss of M. vimineum biomass in the latter years of our study occurred in an uncontrolled fashion. We must therefore be circumspect in attributing temporal changes to soil communities of invaded plots directly to the loss of M. vimineum. Declining biomass and abundance of the invader could be confounded with other time-variant factors (e.g. drought), and thus is it difficult to pinpoint the drivers of belowground community structure and activity during this period of M. vimineum loss. However, because control plots also experienced these timevariant factors of over the course of the study, we were able to compare invaded and control plots to look for persistent belowground differences between these two invaded conditions during the M. vimineum decline. If M. vimineum invasion establishes soil legacy effects, then they would be detectable as lingering differences between originally invaded plots and uninvaded controls. In this regard, our post-invasion study reveals several features of M. vimineum's impact on AO communities.
M. vimineum invasion appears to reduce the seasonal shifts in AO communities that are found in uninvaded plots. AO abundance in uninvaded plots decreased substantially in Spring during most of the study years (Fig. 3) , but AO abundance remained high in invaded plots in 2008 and 2011, the study years with the greatest M. vimineum biomass. We also note that springtime uninvaded plots had the most divergent community composition for both AOA and AOB in 2008 and 2011 (Figs. 4 and 5) . Thus, one of the apparent effects of M. vimineum was to buffer ammonia oxidizer communities from these springtime changes that typified our uninvaded communities. Fig. 1a shows the changes in nitrification rates in surface soils (0e5 cm), and Fig. 1b shows nitrification rates in lower soils (5e15 cm). Error bars are ±SE. Overall, nitrification rates were significantly affected by time (p < 0.001); time also significantly interacted with M. vimineum invasion in 5e15 cm soils (p ¼ 0.001). At this depth in Spring 2012, nitrification rates in invaded plots were higher than those in uninvaded plots. It is unclear why M. vimineum should provide this buffering effect in Spring as opposed to Summer and Fall. Springtime soil moisture in invaded plots was substantially higher than in uninvaded plots in 2011 and 2012 (Fig. 1b) . Because soil moisture can impact nitrifier communities (Stark and Firestone, 1995; Zhalnina et al., 2012) , it is possible that M. vimineum affects springtime soil moisture in a way that alleviates moisture limitation found in uninvaded plots. Springtime effects could be due to the decomposition of the previous season's litter, but in this case we would expect to find the strongest impacts in surface soils (0e5 cm deep). However, we found the strongest impacts in soils 5e15 cm deep, well into the rhizosphere. Should M. vimineum's impacts be due to root exudates, we would expect impacts to be strongest in the summertime when the growth rate or photosynthetic rate of the invader is highest (Morrison et al., 2007; Cheplick, 2008; Flory and Bauer, 2014) . Soil temperatures can significantly alter AOA community composition in a seasonal manner (Wang et al., 2012) , so it is possible that the dense thatch layer in invaded plots (Flory and Clay, 2010) insulates soil microbes from fluctuations in ambient temperatures that would be found in the native plots lacking this thatch. Whatever the mechanism, it appears that the "buffering" effect of M. vimineum had largely disappeared by 2012 as M. vimineum biomass declined to very low levels in invaded plots, and AO communities in these plots displayed seasonal shifts that were more typical of the uninvaded control plots.
A variety of environmental conditions can affect AO abundance and community composition, including soil moisture and soil pH Gubry-Rangin et al., 2010; Wang et al., 2012; Zhalnina et al., 2012) , and it is possible that M. vimineum indirectly impacts AO communities by affecting one or more of these variables. We found that both pH and soil moisture fluctuated seasonally and across years, but they were not consistently different between invaded and uninvaded plots. It has previously been observed that pH is higher in soils affected by M. vimineum invasion (Ehrenfeld et al., 2001; McGrath and Binkley, 2009 ), but it is not clear whether this is a consequence, cause, or correlate of the invasion. We found that pH was marginally higher in invaded plots than in control plots in Spring 2008 and Summer 2011. While these time points occurred during the period when M. vimineum biomass was still relatively high ( Fig. 1a) and when there were detectable AO community differences between invaded and uninvaded plots (Figs. 3e5), these two time points alone are not sufficient to explain invasion-related community differences for the entire 2008e2011 time period. Similarly, while we have previously noted the increased springtime soil moisture in invaded plots (Fig. 1b) , soil moisture was not consistently different between invaded and uninvaded plots over the time period when AO community differences were greatest (Figs. 3e5) . Thus, while our data are consistent with some limited effect of both pH and soil moisture on AO communities, neither of these variables seems to be the sole driver of AO community change under M. vimineum invasion. Furthermore, the M. vimineum invasion did not lead to lasting changes in soil pH or soil moisture, and our study provides no evidence that these variables are legacy effects of the invasion. We were not able to tie nitrification rates to M. vimineum invasion during the period of decline. While a previous study conducted in our plots (Lee et al., 2012) was consistent with other work in reporting elevated nitrification rates due to M. vimineum invasion (Kourtev et al., 2003) , we found no differences in nitrification rates between invaded and uninvaded plots for most of 2011 or 2012 (Fig. 2) . As M. vimineum was on the decline in our plots during those years ( Fig. 1) , it may be that previously reported increased nitrification rates require a stable or growing population of M. vimineum. Alternatively, environmental conditions may have limited nitrification in both invaded and uninvaded plots during the post-invasion period. Reduced rainfall during the summers of 2011 and 2012 led to severe drought conditions in our study area in the summer of 2012 (Fig. 1b) . Nitrifying microorganisms are considered to be highly sensitive to physiological stress or substrate limitation under periods of low soil moisture (Stark and Firestone, 1995) , and it is possible that the drought limited nitrification in our plots to an extent that we could not detect differential activity in the altered AO communities. Finally, it is not clear that AO abundance is directly tied to nitrification rates, in general. While some authors have reported a strong correlation between AO abundance and nitrification rates (Tourna et al., 2008; Offre et al., 2009; Mao et al., 2011) , others have found this correlation to hold for AOA but not AOB (Zhang et al., 2010) , and still others have reported that AOA are less active nitrifiers even when abundant (Di et al., 2009; Jia and Conrad, 2009) . Given that we found M. vimineum-induced changes in AO abundance and community composition without corresponding changes in nitrification rate, our data indicate that there is a disconnect between AO community structure and AO activity, although this disconnect may be due to environmental control of activity rates.
Conclusions
When it dominates plant communities, M. vimineum can increase the abundance of ammonia-oxidizing archaea and alter the composition of ammonia-oxidizing communities. However, the influence of this invader on ammonia oxidizers appears to be shortlived and largely seasonally dependent; we found no evidence of long-term soil legacy effects. Furthermore, we found no evidence that M. vimineum invasion increased soil nitrification rates when the invader's biomass was on the decline. This may indicate that actively growing M. vimineum populations are necessary to support the previously reported increases in nitrification, but it may also be that environmental limitation of nitrifier activity overwhelmed any lingering effects of the invasion.
